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GENERAL INTRODUCTION 
Explanation of dissertation format 
This dissertation is arranged in a format in which the research publications 
of the author are presented as separate sections within the dissertation. The style 
of captions, figures and text are as required for the journals of submission. A 
general introduction presents the background concepts and literature necessary for 
a thoughtful consideration of the work presented. The individual publications 
describing the doctoral research are then presented. A general summary presents 
final comments on the work presented and a listing of the literature cited within 
the general introduction concludes the dissertation. 
Introduction to electrophoretic separations 
Electrophoresis is one of the most powerful and commonly used methods 
of separation for biomolecules such as proteins and nucleic acids. Electrophoretic 
techniques have been developed to provide biochemical information in a wide 
variety of biological applications. These include the analysis of DNA sequencing 
reactions/"^ molecular weight and isoelectric point determinations on proteins/ 
analyses of highly complex protein mixtures from biological fluids or cell extracts 
for clinical diagnoses/ the separation of very large DNA fragments and chromo­
somes/'^ and even the separation of whole cells.^'^ The widespread interest in 
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this particular technique is largely due to one feature: electrophoresis has the 
ability to separate complex mixtures of biomolecules with a resolution that other 
techniques do not provide. As an example, P. H. O'Farrell in 1975 demonstrated 
a two-dimensional electrophoresis separation in which a protein mixture is first 
separated by virtue of charge and then by molecular weight. This technique was 
capable of resolving 1000 distinct proteins from an E. coli cell extract.^^ Proteins 
differing only by a single charge were resolved and rare proteins comprising 10"^ -
10'^ % of the total protein applied to the gel could be detected via autoradiog­
raphy. Other details of this impressive achievement point towards areas of the 
electrophoretic methodology that are inherently problematic. O'Farrell detected 
the radiolabeled proteins by exposing the 2-D gel to a sheet of X-ray film for 825 
hours, in order to visualize the least abundant species present. Clearly, the 
requirement for such an extensive detection period is a serious handicap for the 
technique. Other detection techniques for electrophoresis exist, yet it can be said 
that the detection of separated biomolecules in electrophoresis is not nearly 
advanced to the level of performance demonstrated by the separation aspects of 
the technique. Further discussion of this premise will expand upon the back­
ground of the problem, and current attempts to modernize the technique. 
Several investigators explored electrophoretic separation methods as early 
as 1892,yet no useful electrophoretic separation of biomolecules such as 
proteins was developed until the work of Tiselius in 1931As described by 
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Tiselius, an electrophoretic separation was carried out by filling a tube with the 
analyte solution of interest and applying an electric field across the tube. The 
boundaries of analyte regions were observed as they moved towards their appro­
priate electrode. Such a "moving boundary" method was limited in that Joule 
heating causes convective disturbances and zone mixing within the tube. Also, 
complete separations were only provided for the most mobile components of the 
analyte mixture. The potential of the technique was evident, however, and 
methods improving upon the performance of Tiselius' work were developed. 
Separation substrates, such as starch^ ^  and crosslinked organic monomers,^^ were 
developed in the mid 1950s to limit convective disturbances. These substrates 
allowed the practical analytical use of electrophoresis. Alternate modes of 
separation, such as the size dependant sieving of molecules passing through a 
porous substrate, consequently evolved. This technique came to be known as 
polyacrylamide gel electrophoresis (PAGE) and a derivative technique as sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). These tech­
niques are by far the most prevalent format for electrophoresis and have become 
a very common bioanalytical and biochemical procedure. 
The intense interest in electrophoretic separations has typically been 
confined to the realm of biochemical analyses, reflecting the traditional division 
between chemists and biochemists or biologists. Other factors no doubt played a 
role in this, as well. Many, if not most, analytes of traditional chemical interest 
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are much smaller and less complex than biological species. In addition, chemists 
became familiar with chromatographic separation techniques, such as the precur­
sor of high performance liquid chromatography, which have evolved into separa­
tion instruments capable of providing relatively rapid, potentially automated 
analyses with some form of on-line instrumental detection method. By compari­
son, an electrophoretic separation required extensive amounts of manual labor to 
prepare and load the gel. Electrophoretic detection methods included radio-
labelling and the use of specific dyes which diffuse into the gel and interact with 
the analyte.^^ Detection times on the order of hours were common for these 
tedious and semi-quantitative procedures. These procedures are common even to 
the present day. 
Recent developments in analytical technology have made great strides in 
advancing electrophoresis toward the status of a fully automated, instrumental 
technique. Capillary electrophoresis (CE) was originally demonstrated in 1967 by 
Hjerten.^® The use of high voltages (30 - 50 kV) for the free-solution separation 
of ionic species within small diameter (10 iim - 75 /Ltm) capillary tubes has advan­
tages over classical methods in terms of speed, ease of automation and detection 
while retaining good separation characteristics. The small diameter capillaries 
promote effective heat dissipation while also providing an anticonvective "wall" 
effect. This allows the use of high voltage separations which provide improved 
separation characteristics. Work by Mikkers^^ and Jorgenson^^"^^ in the early 
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1980s brought the technique to the center stage of the analytical community, CE 
detection methods typically consist of a fixed on-column detection window through 
which the analytes migrate. This arrangement is similar to that of HPLC and 
lends itself to automation and precision. CE methods are being developed for not 
only biomolecules but smaller ions and neutrals of virtually any conceivable 
structure. Now, scientists of many disciplines are assessing the suitability of CE 
methods for the analysis of their compounds of interest. Judging by the initial rate 
of instrumental and method development, many new advances can be expected 
from CE in the future. 
Electrophoretic theory for open capillaries 
Electrical forces can be a very powerful tool in the separations of charged 
species. The application of an external electric field to a solution of charged 
species accelerates ions towards the electrode of opposite charge. The ions 
accelerate until the frictional drag of the solution just balances the electrical force 
upon them. Their equilibrium rate of motion is then determined by their charge, 
mass, shape, and the properties of the surrounding solution. Each ion may be 
separated from the other ions in a mixture by virtue of differences in any one or 
any combination of the above properties. Clearly, many opportunities exist for the 
manipulation of the relevant experimental parameters to effect the best possible 
overall analysis within the constraints imposed upon the analyst. 
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In order to fully exploit the potential of an electrophoretic separation, an 
understanding of the physical principles at work is necessary. A number of 
theoretical overviews of the electrophoretic separation process have been pub­
lished, however, perhaps the most coherent and unifying is that of Giddings. 
Giddings presents concepts which have relevance for not only electrophoresis, but 
a number of related electrically driven separation processes as well.^*^ 
CE offers a nearly ideal case in terms of eliminating interfering separation 
processes from the electrophoretic mechanism. CE can be carried out in open 
capillaries without the need for anti-convective media which complicate the 
separation mechanism. Solute-wall interactions are experimentally minimized, and 
the electrophoretic separation process begins to resemble a true one dimensional 
separation process carried out along the axis of the applied electric field. Deriva­
tion of the equations describing the separation of ions in electrophoresis is 
relatively simple and illuminating. 
The distance, L, migrated by the species can be expressed as the product of 
the species velocity, v, and its migration time, t. 
L  =  V  t  ( 1 )  
The species diffuses simultaneously, producing an incremental increase in variance 
described by 
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= 2Dt 
where D is the diffusion coefficient of the analyte. Plate height, H, is defined by 
Biddings as 
H = I L 
leading to 
g . ^  (4) 
Velocity can be described as the product of electrophoretic mobility, /x, and 
electric field strength, E, as in 
V = \iE (5) 
This gives an expression for H then of 
H = — (6) 
i x E  
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If V is expressed in terms of the friction coefficient, f, and the external force, F, 
applied to the molecules of interest, we see that 
V . f (7) 
/ 
The relationship between D and f is given as 
D = ^ (8) 
/ 
Here, R is the gas constant. It can then be shown that equation 6 will reduce to 
H = ^ (9) 
We now express F as z ^E, where z is the effective charge on the species, and ^ 
is the Faraday constant and use the approximate relation 
N = i (10) 
H 
where N is the number of theoretical plates generated by the separation. We see 
that 
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H . , z£V (11) 
2RT 2RT 
We assume here that the two frictional forces used above in equations 7 
and 8 are equal though one is related to a diffusive process while the other is 
related to motion in an applied electric field with the effects of shielding due to 
co-ions. We also neglect the influence of electro-osmotic flow, though modifica­
tions to these equations could accommodate it. 
Equation 10 predicts the now familiar use of high voltages in order to 
obtain separations with high numbers of theoretical plates. For values of V of 10-
100 kV/m at room temperature for species of z = 1-5, H can be expected to be of 
a value approximating 0.1-5 /xm, which correlates well with experimentally 
obtained values of N approaching 10^ for columns of one meter lengths.^^ No 
dependence upon column length is predicted though this has experimental 
limitations. It should be noted that these equations assume molecular diffusion to 
be the limiting factor of band broadening. A realistic expectation is that the 
equation = 2Dt should be modified to include a second term such that = 
2Dt + o^gxtra' 
Similar considerations yield equations related to the resolution of two peaks 
in a capillary electrophoresis separation.^^ The resolution of two peaks is defined 
as the distance between their centers Ax, divided by 4^, where ^ is the average of 
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the two standard deviations. This is shown as 
R = -A& (12) 
The incremental distance Ax is proportional to the incremental velocity Av 
so 
^ (13) 
Ax Av 
It follows that 
Ax = Ax (14) 
Av 
From equation 3 above we have 
0 . (IS) 
We assume that a approaches We then use equations 10 and 13, to 
show that the resolution equation then becomes 
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R = j 4^ 
4 V 
(16) 
It can be seen that resolution is composed of two components. One 
describes the efficiency of the separation process and is related to N The 
other is measured by the relative velocity differences between the two analytes 
being separated and describes the selectivity of the separation. These equations 
then describe figures of merit to be expected from CE separations when diffusion 
is the limiting source of band broadening. 
Electrophoretic theorv for pel electrophoresis 
Though free solution techniques are mathematically less complex than 
those using a supporting matrix, the usefulness of such a matrix can hardly be 
questioned. The traditional biochemical methods which have evolved utilize a 
porous, hydrophilic polymer gel of polyacrylamide or agarose to minimize convec-
tive disturbances and to limit diffusion. These traditional techniques typically 
involve the separation of proteins or nucleic acids in native or denatured states. 
Often these gel based methods are the only separation tools capable of resolving 
the large biological species making up complex samples. This is due in part to the 
fact that many species do not separate well under purely free solution conditions. 
12 
One model proposed for the relation between the electrophoretic mobility of a 
group of small peptides in CE and the physical properties of the peptides is given 
here: 
(17) 
Here z is the calculated total charge of the peptide and MW is the molecu­
lar weight of the species.^^ As you can see, the mass to charge ratio is the 
dominant factor in the equation. Thus species with similar mass to charge ratios 
which lack widely varying acid-base composition are expected to be difficult to 
separate in à purely free-solution regime. Prime examples of these types of 
molecules are the nucleic acids which have a nearly constant mass to charge ratio 
after minimal nucleotide length.^® 
A gel introduces the factors of molecular size and shape much more 
strongly into the relation between structure and mobility. The set of pores within 
a gel has a mean pore diameter as well a standard deviation of pore sizes. 
Empirical control of mean pore diameter restricts the passage of larger sets of 
molecules while imposing little hindrance to dramatically smaller species. Thus, 
conceivably, molecular weight of an analyte can be related to its mobility through 
a gel matrix. 
There are two methods of obtaining such molecular weight information 
from gel electrophoresis mobility data. One relies upon a mathematical cancella­
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tion of charge effects upon mobility while the other experimentally minimizes the 
role of the intrinsic molecular charge of the separating molecule/^ 
The former method, known as "native" PAGE, calls for separation of the 
unknown species with a number of molecular weight standards on 5-7 gels 
differing only in total gel monomer concentration (%T). The relative mobility 
(Ry) of each species is found and plotted vs. %T. Such a plot is known as a 
"Ferguson plot"/^ The slopes of these plots are known as retardation coefficients, 
K^. As is proportional to MW,^^ the MW of the unknowns may be found. 
Mathematically, we see then that: 
log p, = log - K^T (18) 
log Rf = log YQ- K^T (19) 
Here, [MQ and YQ represent the absolute and relative mobilities of the 
analyte in free solution, or 0 %T. is proportional to the species effective 
molecular surface area,^^ so a dependence on shape and conformation does 
appear in these experiments. The plot of vs. MW is linear over the range of 
45 kilodaltons - 500 kilodaltons for proteins."''^ The relationship in equations 18 
and 19 above is also linear over a wide range of experimental conditions.^^ A 
limitation of this technique is that multiple gel runs are required to obtain the 
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desired values. 
It is possible to experimentally void the contributions of a molecules 
intrinsic charge by inducing an artificially large charge upon it. This can be done 
by pretreating the proteins with surfactants which bind to hydrophobic regions of 
the denatured protein with a relatively constant weight of surfactant per weight of 
protein.^^ This is the technique known as SDS-PAGE. Typically the proteins 
intrinsic charge is negligible relative to the charge of the adsorbed detergent and 
each protein adopts a constant mass to charge ratio as molecular charge is now 
proportional to molecular length and mass. Some small primary structure depen­
dence is seen here.^'^ is now essentially constant for many classes of proteins, 
so the measurement of a single Ry value from a gel of known %T gives the 
value of the protein. is known to vary with MW for SDS-protein complexes^^ 
so MW information can be obtained. In fact, a linear dépendance of log Ry and 
MW can be assumed within the MW region of 15-70 kilodaltons when appropriate 
MW standards are included in the gel system. It is necessary to reduce all 
disulfide bonds before separation due to dépendance upon conformation. SDS-
PAGE is very useful in that protein MW can be obtained with one gel run. A 
limitation would be that native structure of multicomponent proteins is lost due to 
the denaturing conditions employed. 
As we have already described the nearly constant mass-to-charge ratio of 
nucleic acids, we can see that no pretreatment with surfactant is necessary. Some 
15 
buffer modifiers or detergents may be added to ensure conformational homogene­
ity but these molecules will separate essentially by virtue of their molecular weight. 
Procedures for the separation of nucleic acids are similar to those of 
proteins. Agarose gels may be used to provide larger mean pore sizes relative to 
polyacrylamide gels, however, many of the basic concepts underlying the separa­
tions of the two classes of analytes are similar. 
As seen here, important structural information for biological macro-
molecules can be obtained from gel electrophoresis. However, as described 
earlier, classical gel electrophoresis suffers from a number of practical and 
fundamental limitations on speed, quantitation, and ease of automation. Capillary 
gel electrophoresis (CGE) was developed as a derivative of CE to allow these 
improved separations to take advantage of the gel sieving action. Karger's group 
demonstrated the first SDS-PAGE CGE separation in 1987.^^ Applications and 
recent developments in CGE include the separation of DNA fragments,''^ the use 
of uncrosslinked polymers for separation,"^® and the use of applied electric fields of 
alternating polarity and variable frequency to exploit the mass-dependent "inertial" 
effects seen in pulsed field gel electrophoresis (PFGE)."^® Special interest has 
been raised in CGE due to its potential use in high-speed automated DNA . 
sequencing.'^' Extreme levels of both separation efficiency (N = 10^) and limits 
of detection (10^ -10^ molecules) can be achieved with proper experimental atten-
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Detection methods in CE . 
The use of narrow bore capillaries provides significant improvement in many 
of the separation aspects of the electrophoretic method. However, attempting to 
detect zones which may consist only of nanoliter volumes in columns of 50 micron 
internal diameters or less can prove to be quite a daunting challenge for many 
detection methods. The detection of the separated analyte zones is certainly one of 
the greater challenges in capillary electrophoresis. A number of detection schemes 
have been proposed for capillary CE. As a number of excellent reviews have covered 
the development of CE and detection methods for CE/^"^^ readers desiring a more 
detailed description of CE detection techniques can utilize these resources. 
On-column uv-visible absorbance detection is the most widely used detection 
method in capillaiy electrophoresis.'^'^''^^ On-column detection is required due to the 
necessity for a zero dead volume detection cell. While convenient, this limits the 
pathlength available for absorbance, and subsequently the detection limits of the 
method. Typically, 10"^ M detection limits are available, depending upon the molar 
absorbtivity of the analyte.'^^ Recently, axial absorbance methods have improved 
detection limits by a factor of 15.'^^ Though of limited sensitivity, uv-visible 
absorbance provides the most general response of commercially available detection 
systems. This is useful in the analyses of those compounds which possess no other 
useful detection property besides absorbance. 
Detection of the fluorescence emission of an analyte which is either inherently 
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fluorescent or has been derivatized can provide impressive detection results. In the 
best cases, concentration detection limits of 10'^^ M are possible/^'^^ As fluores­
cence detection can be readily miniaturized, mass detection limits on the order of 10^ 
- molecules can be obtained. Since relatively few analytes fluoresce naturally, 
fluorescence detection can provide easily interpreted electropherograms which show 
good selectivity among separated compounds. This likewise restricts the scope of 
applicability of fluorescence detection to a small minority of analytes, however. 
Derivatization with appropriate reagents can be beneficial though problematical. 
Derivatization can produce multiple peaks for each analyte and it may permanently 
modify an analytes structure. 
Conductivity detection in CE provides a general response for charged species 
though limits of detection are compromised relative to those of more selective 
detectors.^^'^"^ Concentration detection limits of 10*^ M are common with mass limits 
of detection at the low 10'^^ moles level in the most favorable cases. The general 
response can be useful in the analysis of compounds lacking easily accessible 
detection characteristics. Instrumental^, conductivity detection is hindered by the 
need to physically insert and mount parallel electrodes within the 50 /im diameter 
channel of the CE capillary. 
Amperometric detection methods offer substantially more selective detection 
characteristics as few analytes within a mixture would be expected to be electroactive. 
Concentration limits of detection for easily oxidized species are in the 10'^ M to 10"^ 
18 
M range/'^'^^ These methods were the first used to detect organic compounds within 
the cytoplasm of single invertebrate neurons/'^ Amperometric methods are 
complicated by the necessity to isolate the amperometric working microelectrode 
from the applied electric field of the CE separation system and the physical 
requirements of inserting the 5 - 50 /xm diameter microelectrodes within the 10 - 75 
jum diameter capillary orifice. 
Mass spectrometry coupled with a CE separation system offers exciting 
possibilities for a sensitive, highly informative analytical instrument. Successful CE-
MS interfacing originated with an electrospray interface.^^'^^ Investigation into a CE-
MS interface utilizing fast atom bombardment has been shown to be capable of 
separation of peptide mixtures with separation efficiencies of 10'^ - 10^ theoretical 
plates, with limits of detection of less than lO"^'^ moles.^^"*^^ On-line CE-MS-MS has 
also been reported. Other less common detection techniques such as radioisotope 
detection have also been developed.^^'*^^ 
Indirect detection in CE 
Indirect detection as defined here is a form of bulk property detection with 
unique advantages. An ion possessing some inherent detection property is used as 
the ion supporting the electric field gradient and carrying the electric current in a CE 
separation. Analyte zones are detected as perturbations on this sizable background 
signal. Fluorescence, absorbance and electrochemical activity have all been used as 
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modes of indirect detection.'^'^"'^^ This discussion will center on indirect fluorescence, 
absorbance and amperometry though conductivity is actually a related form of 
indirect detection. 
Indirect methods provide general detection in CE based upon differences in 
the electrophoretic mobility of the main buffer constituent ions and the electrophoret-
ic mobility of the analyte ions. The theoretical description given will largely follow 
that of Mikkers et al.^^ In zone electrophoresis a sample zone is eluted by the 
carrier electrolyte consisting of constituent A, possessing the same charge as the 
sample constituent, and a counter ion B. A discrete volume element of the 
separation column which had originally contained only carrier electrolyte A will 
eventually contain A along with at least one sample constituent, C due to the 
electrophoretic mechanism. It can be shown that 
Cg ix,t) = Cg ix,t) + X (z,f) (20) 
where 
(21) 
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Here, is the molar concentration of original unperturbed carrier ion. -
is the molar carrier ion concentration in the sample zone and c^ is the molar 
concentration of the ith sample component, r^ and r^ are the electrophoretic 
mobilities of the sample component and counterion relative to that of the carrier ion. 
Here it is assumed that interactions between analytes are negligible. This should hold 
well for dilute samples. More general treatments have been described.'^^ 
Indirect detection methods utilize unconventional physical properties for 
separation and detection of the analytes of interest. These unfamiliar principles 
produce data with characteristic features which may not be often observed by those 
steeped in the practice of traditional detection methods. One of the most readily 
observed features is that of the non-Gaussian triangular peaks often seen. This 
particular peak shape is due to the "electromigration dispersion" or concentration 
overload effects of the sample ion upon the carrier ion. Ultimately, differing 
concentrations of sample species within the sample zone migrate with differing 
velocities as the electric field strength within the respective regions of the sample 
zone is affected by the presence of the sample ions. The assumption of an infinitely 
dilute analyte is violated in these cases. 
The experimental conditions required to eliminate these effects can be 
estimated through the work of Poppe.*^^ As an estimate of the peak variance 
expected for a peak having migrated a given distance L, under purely diffusive 
broadening conditions, the following can be seen: 
21 
N = (22) 
o' 
From which it can be seen that 
Poppe asserts the uniformity of a strong dependence of on c^ so that in 
order to liftiit the variance of velocity broadening to a factor of 1 ± 1//N , likewise 
the displacement induced variance in c^ must be limited to similar levels. Thus to 
maintain diffusive broadening conditions, it is seen that: 
C, i & (24) 
l/W 
A near 1/1 displacement of analyte and carrier ion is assumed. A poorly 
matched set of analyte and sample mobilities would require even lower levels of 
analyte concentrations to ensure the prevalence of diffusive broadening conditions. 
While the concentration overload effect is strongly dominated by the 
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concentration ratio of analyte to carrier ion, other experimental parameters should 
be investigated in order to minimize such broadening effects. The work of 
Verheggen and Mikkers'^® offers insight into the factors controlling the peak width 
of these displacement peaks. They describe the peak width, S, of a peak 
for an analyte possessing a mobility higher than that of the carrier ion as : 
Here, Al^ is the initial injected analyte zone width and c^ is the concentration 
of the analyte in the sample solution. Clearly, in order to experimentally minimize 
the effects of concentration broadening, the factors described in Table 1 should be 
manipulated. 
(25) 
k, 
- — (1 - (26) 
Table 1. Experimental parameters to be modified to 
limit electrophoretic broadening. 
A1 ^ i 
c'c / c^  i 
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In fact, these parameters have been adjusted in efforts to minimize the concentration 
dispersion process/®'^^ 
Will the manipulation of these experimental parameters allow the experimen­
tal elimination of concentration broadening effects? Under present conditions, this 
does not seem likely. Attempts to decrease concentration broadening by increasing 
carrier ion concentrations leads ultimately to proportional loss in concentration limits 
of detection: 
C = -SL_ (27) 
^ TR*DR 
This equation describes the concentration limit of detection for a general 
indirect detection process.^^ is the concentration of the carrier ion in the mobile 
phase. TR is the transfer ratio, which is a measure of displacement efficiency. In 
CE, is the appropriate term to substitute for TR. DR is the dynamic reserve of 
the system. DR is a measure of the baseline stability in an indirect system and is 
measured by ratioing the intensity of the elevated indirect baseline and the variation 
of the noise upon that baseline. 
We can now see that attempts to inject increasingly narrow sample zones of 
increasingly low analyte concentrations are limited by the dynamic reserve of the 
detection system. Further improvements in instrumental dynamic reserve will be 
required to improve upon both detection and separation figures of merit. While 
extension of present experimental capabilities is of interest, present capabilities of 
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providing separations of non-chromophoric species with efficiencies of • 10^ 
plates, sub nM concentration detection limits and low attomole mass detection limits 
offer investigators an array of useful properties to choose from. While concentration 
broadening is undesirable, indirect detection methods are scarcely limited by its 
effects. In fact, it is possible to utilize the physical relationships controlling 
concentration broadening in experimentally beneficial ways. The often cited example 
of "sample stacking" effects is one of these beneficial effects. It has been shown that 
a concentration effect can take place under properly controlled electromigration 
injections.^^'^'^ 
At the boundary between ions and of like charge with a common 
counter ion, r, the Kohlrausch relations give the following: 
& = _!ti_ fî (28) 
Here, x represents the charge of the given ion. Thus the concentration of the 
trailing ion, C^, is determined by the concentration of the leading ion, C^. Concentra­
tion enhancements of 10^ have been demonstrated.^^ 
The indirect methods of detection discussed here will differ somewhat in their 
experimental limitations and advantages. Indirect fluorescence offers 10"^ M 
concentration detection limits and 50 attomole mass detection limits.'^^'^^ Mass 
detection limits of this level are possible as indirect fluorescence detection in CE can 
25 
be readily miniaturized. . Increased incident intensity compensates for loss of 
pathlength and decreased emission intensity. A high dynamic reserve is maintained 
for small volumes and for dilute concentrations of carrier ion. A limiting factor is the 
instability of laser sources used in these situations. Special procedures must be used 
to achieve stabilized levels of incident intensity. 
Indirect absorbance utilizes a light source which is highly stable (1 part in 10^) 
so stabilization is not required. Absorbance techniques also benefit from the 
convenience of having a wide variety of absorbing species to select for the carrier ion. 
Such choices allow for good optimization of detection and separation efficiency. This 
is especially true for the analysis of small ions where fluorescent or electroactive 
species are expected to have mobilities substantially different from more mobile ions 
and are expected to have increased probability of wall interactions. Such a plethora 
of absorbing compounds also greatly increases the probability of encountering 
absorbing interferences in the sample matrix. Concentration limits of detection are 
on the order of 10"^ M and mass detection limits are on the order of 1 - 10 x 10 
moles.^^ Poor mass detection limits point to the main drawback of indirect 
absorbance techniques. 
Indirect amperometry has also been developed for use in CE7^ Through the 
use of 10"^ M electrophore with a 25 mM level of zwitterion, the authors achieved 
10'^ M detection limits on several basic peptides while maintaining moderate 
separation efficiency. Mass detection limits are on the order of 400 attomoles. 
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Detection limits appear to be limited by the low dynamic reserve (30 - 300) of the 
microelectrodes used. As amperometry can be carried out on a miniaturized scale, 
detection in 10 nm CE capillaries was possible. Indirect amperometry would appear 
to offer many of the same relative merits as indirect fluorescence though it lacks the 
same level of detection power. 
Indirect detection offers advantages over specific detection techniques in terms 
of its general response, freedom from need for derivatization, and the flexibility of 
utilizing a single instrument for all analytes. The price paid for these advantages is 
the coupling of the separation and detection systems which will require the attention 
of the analyst when selecting experimental conditions. 
Introduction to cell structure and analysis 
The goal of analyzing the contents of a single biological cell has been sought 
at least since the early 1930s.^^ Much of the motivation behind this goal originated 
in the desire to characterize the cells comprising the nervous system. Various cellular 
sub-species are known to exist within the nervous system.^^ Neurons of quite 
different function may exist directly adjacent to each other or also adjacent to 
supporting glial cells. All of these cell types may have substantially different 
biochemical response to stimuli.^^ It can be seen that the correlation of the 
functional and metabolic properties of the cells of the nervous system requires a 
method of biochemical analysis at the cellular level. The assumption of tissue 
homogeneity on a macroscopic level is invalid in this and other situations. For 
instance, cellular heterogeneity is not restricted to the central nervous system. Other 
organs of the body are composed of subsets of cells which differ substantially in 
morphology and function.^^ The application of an external stimulus to the organ, 
such as a dose of a pharmacological agent, may elicit a substantially different level 
of response from the active "target" cells and the inactive cells. If the target cells are 
in a substantial minority, a serious "tissue dilution" effect^^ will be seen. If many cells 
are required to provide sufficient mass for analysis, the response of the target cells, 
as measured by the level of an intracellular analyte, could be diluted by the 
unchanged response of the more numerous inactive cells to the extent that the 
response goes unnoticed. Thus methods operating at the single cell level gain power. 
Once thoroughly characterized, the single cells of a model cell population could be 
stimulated in novel ways to gain insight into basic questions related to cellular 
structure or function or differences between normal and dysfunctional cells. 
An excellent example of an important physiological problem requiring the use 
of single cell techniques is that of monitoring the effect of chemotherapeutic agents 
upon a given cell population.^® Cell growth can be described by dividing the growth 
process into at least four phases.^^ These include: a DNA duplication or synthesis 
phase (S); a cell division or mitosis phase (M); and two "gaps" between other phases, 
one between the S phase and M phase (Gy) and one between the M phase and the 
resumption of the next S phase (G2). It is important to understand how an agent 
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interacts with the cell during these phases. A goal of an chemotherapy treatment is 
to maximize cytotoxicity to neoplastic cells while minimizing damage to normal cells, 
possibly by exploiting a phase specific chemotherapeutic property. If neoplastic cells 
have a high distribution of cells in a given phase, a logical approach would be to 
devise a reagent which is cytotoxic to cells of that phase, especially if normal cells 
only reside within that phase for a small fraction of their growth cycle. A quantitative 
description of the distribution of a cell population's phase can. be provided by 
measuring the DNA content of the population as shown in Figure 1. 
CELL PHASE 
Figure 1. Relationship between total cellular DNA and cellular growth phase 
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Relative DNA content of single cells can be determined by DNA specific 
fluorophores which react stoichiometrically with the nucleic acids of a cell. Various 
cellular phases possess variable amounts of DNA, thus allowing identification. 
Variations in staining procedures prevent absolute quantitation, but this method can 
provide a snapshot of the cell cycle status of a cell population at a given moment in 
time. 
Upon measuring the DNA content of lO'^ - 10^ cells via a technique such as 
flow cytometry, a histogram of single cell DNA content is generated. Each point of 
the histogram represents the DNA content of a single cell of the population 
measured. A hypothetical distribution is shown in Figure 2. 
2 
DNA CONTENT 
Figure 2. Representative DNA histogram obtained from flow cytometric determin­
ation of cellular DNA content in asynchronous cell population 
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Information regarding the relative percentages of cells within a given phase 
is gathered through mathematical deconvolution of the three overlapping functions. 
These relative percentages can then be compared before and after application of the 
desired stimulus to determine if a stimulus has promoted the cell cycle specific effect. 
As you can clearly see, an analysis of total DNA based on the pooling of many 
cells for an analysis would produce only a single average DNA content value and no 
information regarding the relative proportions of the cellular subpopulations would 
be available. Each measurement must be made on a cell-by-cell basis. 
Cellular analysis methods 
This section's purpose is to briefly elucidate the capabilities of the most 
common techniques used to detect species within a single cell. The term "cell" is 
too general for our purposes and further description is required. This discussion 
will be restricted to animal cells. Biological cells vaiy greatly in size and morphol­
ogy. The phrase "a single cell" may refer to an amoeba, some of which may be 
nearly visible to the naked eye, or to human platelets, which are on the order of 
two micrometers in diameter. Therefore, the term "single cell analysis" can take 
on many meanings. The approximate cell diameters and volumes, when available, 
of some selected mammalian cells are given in Table 2 below. 
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Table 2. Cell body diameters and volumes (when known) of selected mammalian 
and invertebrate cells. 
Long dimension (jum) Cell volume (10'^"^ L) 
Platelet®^ 1-5 
Erythrocyte^^ 8-9 87 
Lymphocyte*^ 
small 6-8 
medium 8-14 
Adrenomedullary cell'^'^ 13-16 1-2 x 10^ 
Mammalian neuron*^ 4-150 
Invertebrate neuron** 125 10^ 
{Helix Aspersa) 
So then, clearly a wide range of cell diameters and volumes exist in nature. 
Many cells have important functions, but not all cells are large enough for easy 
and complete analysis. 
The ideal analytical probe for single cell intracellular measurements would 
possess a number of characteristics. They would include; 
• Non-destructive 
• Response to a wide variety of analytes 
• Detection limits compatible with levels of minor components 
present 
• Ability to monitor events at the cellular temporal scale 
• Ability to monitor analyte flux between intracellular compartments 
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• Quantitative capability 
• Capability to work with tissue in vivo if necessary 
Few analytical techniques can satisfy more than two of these restrictions, 
much less the entire group. A battery of techniques have evolved, however, which 
have a range of useful capabilities in given situations. Certainly, it is not possible 
to survey all techniques providing intracellular information, and only the most 
relevant methodologies will be described. One of the more powerful of these 
techniques is flow cytometry. Flow cytometry has developed from an effort to 
count and size various cells and particles to a tool for rapidly probing the physical 
and chemical parameters of single cells within inhomogeneous populations.*^ In a 
flow cytometer, the cells of interest are swept one by one past an analysis region 
by a microscopic jet of water. In passing through this region, they are probed by 
focused beams of light. Parameters such as total protein content or total nucleic 
acid content can be determined by the fluorescence of specific dyes while physical 
characteristics such as cell size, shape and volume can be determined by the light 
scattering properties of the cell. Cells of a submicroscopic (0.1 nm ) diameter can 
be measured at rates on the order 10"^ cells per second while detection limits are 
on the order of 10^ dye molecules per cell.*® The most elaborate flow cytometers 
also allow the physical sorting of groups of cells with respect to a measured 
cellular characteristic. 
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A detailed discussion of the many applications of flow cytometry to cell 
biology is far beyond the scope of this manuscript. However, several of the more 
relevant uses will be presented to emphasize the interesting parallels between flow 
cytometry and single cell CE. 
The field of immunology has seen a large benefit from the advent of flow 
cytometry as the process of cell sorting in conjunction with monoclonal antibody 
technology has allowed investigators to discover new subsets of lymphocytes with 
specific functional roles. These subsets are discovered by the correlation of 
characteristic surface antigen patterns with functional assays of the sorted cells. 
This correlation of cellular function with a specific group of cellular markers is a 
very important application of flow cytometry. 
Much interest is also developing with respect to the use of flow cytometry 
for detecting mutations in single cells.^^ Mutagenicity tests are difficult to corre­
late between organisms, especially between humans and much less evolved life 
forms. Thus many current efforts in this area are aimed at detecting mutagenic 
events in eukaryotic single cells rather than observing the offspring of these cells 
or in observing the offspring of whole organisms to detect inherited mutations 
expressed in the organism's phenotype. Mutations in single cells will only occur, 
however, as very rare events (on the order of 1 in 10^ cells) and will require a 
method of high throughput in order to develop statistically significant evidence of 
enhanced rates of mutation upon exposure to the agent of interest. These types 
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of requirements make flow cytometry appear potentially very useful in understand­
ing the effects of mutagenic agents in our environment. 
Flow cytometry has also found great use in understanding the factors 
regulating cell growth and observing the effects of chemical agents upon such 
growth.^^ It is believed that mammalian tumors arise from uncontrolled cellular 
growth derived from the inability of tumor cells to respond to normal growth 
control stimuli. It would seem that an ideal method of eliminating tumor cells 
would be to treat the organism with agents which are toxic to rapidly proliferating 
cells. However, the growth rate of tumor cells is not typically much greater than 
many normal cells, especially in the case of important cellular fractions such as the 
cells of the G. I. tract and the bone marrow. Many tumors are also so-called 
"solid" tumors which possess a low fraction of rapidly growing cells. Better 
therapies will no doubt result from better understanding of how cells regulate their 
cycles of growth, division, and quiescence and from a better understanding of how 
various chemotherapeutic agents modulate the entry or exit of cells through these 
cellular growth cycles. Flow cytometry is well suited to make measurements of 
this type by monitoring total protein content as a measure of cell proliferation and 
monitoring parameters such as DNA or RNA content to determine the current 
phase of the cell's cycle. 
Fluorescence microscopy (FM) has also seen a great deal of use in the 
analysis of intracellular analytes. A fluorescence microscope is capable of 
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detecting emission of natural or derivatized fluorophores and presenting that 
information in a visual, photographic, or digital format/^ FM possesses the 
distinct advantage of being able to view dynamic processes within living cells at the 
spatial resolution of a light microscope. Microsecond temporal resolution is quite 
possible. A large gap exists between knowledge of in vitro and in vivo effects and 
the ability to monitor fast cellular processes with high spatial resolution in a 
functioning cell is of substantial value. The high specificity of FM also allows 
discrimination of the analyte from the complex biological matrix within the cell 
environment. Consequently, it is quite difficult to survey a wide variety of analytes 
within a given cell as the analyte of interest must typically be selected before the 
experiirient and appropriate dyes incubated with the cell. Detection limits may 
extend as low as 50 molecules of intracellular material.^^ Ultimately, photo-
bleaching of the dyes limit the exposure time and illumination intensity of the 
measurements. As the measurement of a multitude of important species within a 
cell is desired, current research is advancing towards simultaneous multiparameter 
measurements. Indices such as pH, pCa, and protein dynamics will eventually be 
correlated with the application of an external stimulus or cellular event. 
As described previously, neurochemists are especially interested in probing 
the biochemical and functional properties of discrete regions of the brain, so a 
battery of techniques has evolved for the analysis of single neurons. Due to the 
small cell sizes of most mammalian neurons, invertebrate neurons were selected as 
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models for study/* Some of the techniques which were developed provide useful 
information at this level, yet most are quite restrictive in a number of characteris­
tics. Micro-TLC lacks the sensitivity to analyse single neurons and requires the 
pooling of cells/^ GC-MS can be used for single neurons, yet due to sensitivity 
limitations, must be used in the selected ion-monitoring mode/'^ This limits 
analyses to a few preselected analytes. HPLC with electrochemical detection is 
also limited by sensitivity to analytes with a high intracellular concentration/^ 
Enzymatic radiolabelling is sensitive, but the analyst is again required to select the 
analytes of interest before the experiment/*^ Raman microspectroscopy has 
recently shown evidence of recording the vibrational spectra of DNA and protein 
• complexes at the single mammalian cell level/^ Prospects of analysis of smaller 
organic species of biochemical importance remain unclear. In general, these cell 
analysis techniques are of limited sensitivity, may require the analyst to pre-select 
the compounds to be detected, and are difficult to perform. 
Methods analyzing single neurons with CE or some form of capillary 
chromatography represent a recent advance in this field. Ewing's work with CE 
combined with electrochemical detection^* for the analysis of single snail neurons 
pioneered the field. Ewing has demonstrated the ability to repeatedly sample the 
cytoplasm of a neuron, which is of interest. Jorgenson's group has explored the 
use of OTLC with electrochemical detection,and most recently, the use of 
packed microcolumn LC with electrochemical detection^®^ to analyze mammalian 
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non-neuronal cells. The use of packed microcolumns and OTLC provides 
alternate separation modes for the separation of intracellular compounds. 
Jorgenson's microchemical approach to cell derivatization provides good experi­
mental flexibility in reaction conditions, yet is fundamentally limited in important 
aspects. Handling and derivatization of such micro-volumes is non-trivial and may 
prove to be unworkable for the analysis of dilute species in smaller cells. Zare's 
use of CE with laser induced fluorescence detection^®^ has shown limits of detec­
tion ranging into the thousands of molecules for homogenized extracts of multiple 
invertebrate neurons. These methods are steps toward a viable analysis of single 
cells wherein the analyst will have ample sensitivity for a variety of analytes. 
Cell physiology and structure 
A significant portion of this thesis concern the analysis of species within 
mammalian cells. This is a proposition which is quite different than that of 
detecting similar quantities or concentrations of species reconstituted from 
standards. Living cells are dynamic systems which behave in complex fashions. 
Most importantly, the concentrations of many important intracellular species 
depend critically upon the metabolic state of the cell. Of course, this is why so 
much information can be gleaned from the knowledge of intracellular levels of 
species, but this also represents a challenge in dealing with cellular analysis as 
cellular history and preparation may have a large impact upon the accuracy of the 
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analytical measurements. As much of the discussion of the work, in this thesis will 
require an acquaintance with cellular processes, a very brief attempt to explain a 
few relevant concepts of cellular physiology will be made. A detailed discussion of 
this topic is well beyond the scope of this work and numerous other sources are 
available for more in-depth investigation."'®'''^®^ The human erythrocyte or red 
cell will be used as a model here as it is often used as such for the cell physiology 
community. The red cell's simple metabolism, easy availability, and its status as 
one of the best characterized cells argues well for its selection.^®*^ 
Of great importance to the functioning of the cell is the composition and 
activities of the cell membrane. The membrane plays an important role in cellular 
metabolic processes, intracellular communication, disease initiation and a host of 
other biochemical events. It is no surprise then that many studies of the structure 
and function of membranes in various cell of various organisms can be found. 
107,108 jjj Qf this plethora of interest, a complete understanding of the work­
ings of cell membrane is still lacking. Much has been learned, yet much remains 
unclear. 
A number of hypotheses have evolved to explain the properties observed in 
cell membranes. As no completely satisfactory method of directly analyzing the 
structure of intact membranes exists, no complete model of its behavior has 
developed. One popular hypotheses is that of the cell membrane as a "protein 
mosaic".'®^ In this model, the membrane is viewed as a lipid bilayer with proteins 
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sporadically embedded, either partially or fully, within the lipid bilayer or actually 
spanning the breadth of the membrane itself. These proteins can act as a form of 
transport mechanism through the cell membrane by forming polar pores within 
the membrane. These membrane proteins play important roles in regulating the 
transport of species through the membrane wall. The membrane is thought to be 
a highly fluid, dynamic system with a rapidly changing conformation influenced by 
environmental stimuli. 
A large volume of research has dealt with the permeability properties of 
cell membranes. Better understanding of the permeability properties of cell 
membranes would aid such areas as molecular design of pharmacological agents 
for penetration of the blood/brain barrier, novel methods of drug delivery, and a 
better fundamental understanding of the mechanisms at work within the cell. Cell 
membranes are quite selective in their permeability characteristics. Membranes 
are highly permeable to water itself. This is easily demonstrated in the osmotic 
properties of cells.^^^ Upon placing a red cell into a hypotonic or hypertonic 
solution, the cell acts as an osmometer. Cell volume increases or decreases, 
respectively, in relation to the osmotic strength of the solutions and the flux of 
water through the cell membrane. Extremes of hypotonic solutions will eventually 
cause rupture of the cell membrane itself. 
Membranes discriminate between permeating species on the basis of a 
number of molecular characteristics. Without attempting an exhaustive listing, 
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several of those characteristics will be discussed. The polar character of the 
permeating species is quite important. Highly nonpolar species permeate the cell 
membrane much more readily than polar species.^^^ The radius of the hydrated 
molecular sphere and its symmetry also affects permeability.^^^ Species substan­
tially larger than water cannot enter the polar pores for direct access to the 
intracellular cytoplasm and must dissolve through the cell membrane. Smaller 
molecules are therefore favored for this type of entry into the cell. Molecules at 
the size scale of sucrose penetrate the cell only slightly. The charge present on 
the permeating species also affects the rate of permeation. Ions penetrate the cell 
membrane less readily than non-electrolytes of otherwise similar propertiesJ^^ 
The discussion on the permeability of cell membranes has thus far treated 
the phenomena as a purely diffusive one. That is, there has been no discussion of 
the movement of a substance via carrier mediated transport. In carrier mediated 
transport, a specific carrier species within the membrane itself aids the transport 
of a species either up or down the potential gradient at the expense of the 
metabolic energy of the cell. This "active transport" can be distinguished kineti-
cally from passive diffusive transport due to saturation effects. 
The classic example of active transport is the accumulation of potassium in 
cells against a steep concentration gradient.^^'^ Large numbers of cells have 10^ -
10^ times greater concentratiori of potassium within their cytoplasm relative to 
extracellular fluid. This concentration is accomplished via the carrier mediated 
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transport system. One of the first indications that this type of ionic pumping 
system existed in red cells was the fluctuation in intracellular potassium levels seen 
upon cooling of cells from body temperature.'^^ Cooling decreases the cells 
metabolic rate and slows the transport system leaving the cells unable to maintain 
its former level of potassium content. Warming the cells with the proper metabol­
ic substrates was found to restore intracellular potassium levels to their previous 
levels. 
Experimental appendices 
The purpose of the following three sections is to record the more subtle 
techniques involving capillary column preparation and cell manipulation for future 
generations of graduate students, ensuring that they are not lost in a remote section 
of a laboratory notebook. 
Coated columns in indirect detection 
The recurrent problem of surface silanol interactions with basic analytes is of 
concern in indirect detection in CE as well as in other CE modes. It seems 
reasonable that the large baseline drifts and erratic column performance are due to 
the interactions of cationic fluorophores and analytes with ionized surface silanol 
groups. This would also explain the strong dépendance of performance upon column 
history. 
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Static coating methods^^^ were found to be easily adaptable to column 
diameters of > 20 /xm with quite good column performance and yield. However, 
attempts to utilize similar methods in the 10 /xm columns needed for single cell 
studies failed as the vast majority of columns showed slow solvent evaporation and 
developed plugs. In our hands, the best method for coating such small capillaries is 
the method of Jorgenson and Dluzneski.^^*^ This method produces coated 10 fim 
capillaries with good yield and performance characteristics. The coated columns 
themselves give poor indirect baselines but including low concentrations of a cationic 
surfactant such as CTAB in the running buffer gives excellent indirect results. These 
columns were typically stored at room temperature for two days without sealing after 
crosslinking before use. Columns exhibited lifetimes of perhaps 1-2 weeks when 
cationic standards in buffer are injected. Injections of cells with the high glucose 
content reduces column lifetimes to tens of injections though this is highly column 
dependant. 
Cell manipulation 
One of the more feasible approaches of single cell manipulation involves the 
manipulation of a human erythrocyte via a micropipette. Erythrocytes were chosen 
as model mammalian cells due to their well characterized nature, availability, and 
exquisitely small dimensions. This approach has also been used for the analysis of 
single neurons via CE. Common micropipette pullers are able to easily generate sub-
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micron tip diameters which need to be broken back to 5-10 /jm diameters for 
erythrocyte transfer. This is accomplished by pushing the glass pipet tip against an 
unyielding object with a micromanipulator while observing the process under a 
microscope. Manual micrometer driven syringes cannot typically manipulate the 
extremely small volumes of fluid necessary to gently handle an erythrocyte of roughly 
100 femtoliter cell volume. Commercially available automated microinjection 
instruments are capable of reproducible performance at small fluid volumes, yet 
represent a large investment. A level of performance which would be acceptable 
would be to be able to gently and slowly transfer 1 picoliter of fluid from a 
microscope slide to the orifice of a CE column. This represents the volume of 
roughly 10 erythrocytes. 
Figure 3 shows a system which was capable of performance at this approxi­
mate level. 
MICROMETER DRIVEN SYRINGE 
10IIL SYRINGE _ f 
TYGON L r 
EPOXY 
CAPILLARY PIPET IN TYGON 
Figure 3. Schematic of a micropipet transfer system constructed for low pL 
solution volumes 
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Essentially, a micrometer driven 10 /xL syringe is capable of delivering or 
withdrawing low picoliter volumes when connected to a glass capillary micropipet. 
Hydraulic control of suction is used. Precision is expected to be poor for this manual 
system, yet if delivery of the whole cell is the goal, precision is of little importance. 
Care should be taken to avoid thermal effects and inclusion of air voids within the 
pipet or any transfer lines as these voids will prevent direct control of the meniscus 
of fluid. Though this apparatus is capable of the gentle transfer of an erythrocyte, 
it was found that even highly silated pipet tips adsorbed the erythrocytes strongly. 
Quantitative transfer was not possible in that any attempt to expel the cell left 
portions of a shredded membrane clinging to the tip. Insertion of the micropipet 
into the orifice of the capillary is also quite tedious and time consuming. 
Elimination of the transfer pipet by using the CE capillary as its own suction 
pipet is the simplest and most effective method found thus far to manipulate cells of 
similar magnitudes to an erythrocyte. Control of suction is accomplished by using a 
closed vial equipped with a septa as a high vohage buffer reservoir. A twenty 
milliliter syringe can provide sufficient vacuum to introduce cells into a 1 meter 10 
/nm internal diameter column. Utilizing a grounded injection region under a 
microscope eliminates the need to electrically isolate the microscope or transfer the 
column to a high voltage box after the injection of the cell. Optimal retention time 
and theoretical plate performance is not achieved relative to other schemes as an 
extended length of column between the detection zone and the high voltage source 
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exists to decrease the effective field. 
Application of vacuum or pressure to a filled column should produce a 
smooth, rapid motion of the meniscus within the column. Polymer coated columns 
with inhomogeneously applied films do not give smooth motion of the meniscus. As 
maximal fluid flux is desired for cell manipulation, columns which show this property 
should be discarded or a homogeneously coated portion of the column should be 
used for the injection area of the column. Injection of erythrocytes from the 
relatively viscous 8% sugar solutions required for indirect detection makes cell 
injection difficult. Best results are obtained by pushing cells close to the orifice of the 
capillary by translating the microscope stage laterally repetitively. Once a cell is quite 
close to the orifice, it is possible to introduce a cell. 
Cell preparation and storage 
Erythrocyte preparation is relatively simple compared to mammalian cell 
culture and represents a substantial advantage for the use of such cells. Erythrocytes 
are collected in sterile vacutainers with EDTA or heparin as the anticoagulant. 
Storage at 4° C for 5-8 days is permissible but signs of hemolysis will appear upon 
further storage. The lifetime of stored cells can be extended by the addition of 
glucose substrates to sustain the cell's metabolism. Fourteen to twenty days at 4° C 
can be then obtained. 
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PAPER L 
INDIRECT FLUOROMETRIC DETECTION IN GEL ELECTROPHORESIS 
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INTRODUCTION 
Polyacrylamide gel electrophoresis separates biomolecules by virtue of their 
inherent charge or size, or a combination of the two. This widely used bio-
analytical technique has seen applications in areas such as the separation of 
complex mixtures of proteins, gene sequencing and mapping, and clinical diagno­
sis/ The method displays unmatched resolution of macromolecules, yet still 
utilizes detection methods which are slow and labor-intensive. Commonly used 
methods such as Coomassie Blue and silver staining can become complicated and 
may require twenty-four hours or longer to allow one to visualize the analyte.^ 
Autoradiography offers high sensitivity (10-100 pg) for the detection of radio-
labelled analytes, but requires exposure times of hours or days.^ A sensitive, yet 
rapid, quantitation method for electrophoresis would be quite useful. This paper 
demonstrates the feasibility of employing indirect fluorometry as a rapid and 
potentially highly sensitive detection scheme for gel electrophoresis. 
Indirect detection methods in chromatography were introduced with 
indirect UV absorbance in ion chromatography.^ Indirect detection methods, in 
general, monitor a background signal which is constant except when perturbed by 
the presence of an eluting analyte.'^ Indirect fluorometric methods have been 
applied in ion chromatography,^"^ thin layer chromatography^'^ and capillaiy zone 
electrophoresis.^® The principles of indirect fluorometric detection in gel electro-
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phoresis can be extrapolated from those known for the other separation mecha-
nisms^'^ Briefly, a fluorescent ion and its counter ion are first distributed homo­
geneously throughout the gel. This procedure provides uniform level of back­
ground fluorescence in all areas of the gel. When charged analyte molecules 
migrate into the gel, they displace charged fluorophores (of the same sign) due to 
local conservation of charge. In the case presented here, a uniform distribution of 
anionic fluorophore and its sodium counter ion in the gel is first achieved. As a 
fixed number of sodium counter ions exist in any given location of the gel, 
migration of anionic protein molecules into the gel must cause displacement of an 
equivalent amount of the anionic fluorophore from that region in order that local 
charge balance be maintained. Upon displacement, the region of the gel contain­
ing the analyte is then seen to have a decreased level of fluorescence relative to 
the gel background, due to the reduced number of fluorophores present in that 
region. It should be stressed here that detection is based upon charge displace­
ment, not upon the absorption or emission properties of the analyte. This factor 
makes indirect fluorescence a universal detection scheme in gel electrophoresis. 
The principal factors affecting the detection limits of indirect fluorometry in 
ion chromatography have been discussed elsewhere.'^''^ Electrophoresis represents 
an analogous situation. The concentration detection limit, is expected to 
depend upon the concentration of the fluorophore, C^; the dynamic reserve of 
the system, D (defined as the ratio between the background fluorescence signal 
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and its noise level); and the quantity of eluent fluorophores displaced per analyte 
molecule, R, (the displacement ratio), as described in the following equation: 
C 
r - " 
Measurements of analytes at low concentrations require low fluorophore concen­
trations, a stable level of background fluorescence, and an analyte which displaces 
as many fluorophores as possible. 
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MATERIALS AND METHODS 
Preparation of gel and reagents 
Polyacrylamide slab gels (8 cm x 10 cm x 0.05 cm) were cast according to 
Weber and Osborn/^ except that no buffering ion, such as phosphate, or deter­
gent, such as SDS, was included with the acrylamide-water solution making up the 
gel. No stacking gel was used in this system. Gels were approximately 11% T and 
2.7% C, where T and C are defined elsewhere.^^ Gels were allowed 90 minutes 
of polymerization time before use and were not stored overnight. 
Cathodic electrophoresis buffer consisted of 10"^ M disodium fluorescein 
with 10'^ M sodium bicarbonate adjusted to a final pH of 10.5 with sodium 
hydroxide. Anodic buffer consisted of twenty-six grams of sodium hydroxide per 
liter of deionized water. 
Lyophilized soybean trypsin inhibitor (STI) and bovine serum albumin 
(BSA) were dissolved in a one-to-one ratio in a 5% v/v glycerol solution. The 
final sample concentrations of the individual proteins were 1 /xg/ML or 3 ixgliiL. 
O 
Samples were prepared fresh or stored at 4 C. 
Electrophoresis 
Electrophoresis was carried out in a Bio-Rad Mini-Protean II vertical slab 
cell. A platinum wire immersed in a buffer reservoir external to the actual cell 
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served as the cathode. Cellulose wicks (Bio-Rad Ultra Wicks) served as the 
current bridge between the reservoir and cell cathode compartment. The external 
reservoir partially isolated the gel from pH increases caused by cathodic electrode 
reactions. The gel is pre-run for one hour at a constant power of four watts in 
order to achieve a uniform fluorescent background. Samples were applied via a 
microsyringe. The separation was achieved with a two-step current curve. A 
constant current of two milliamperes is applied for 15 minutes, followed by a 
constant current of ten milliamperes for 20 minutes. 
Detection 
The gel was viewed under an ultraviolet lamp emitting at 312 nanometers 
(Cole Parmer, Model #J-9815-70). The indirect fluorescence signal is easily 
observed with the unaided eye in a darkened room. The gel in Figure 1 was 
photographed with the use of a 35-mm camera with a macro lens while the gel 
was under UV illumination in a darkroom. 
RESULTS AND DISCUSSION 
Figure 1 shows indirect fluorometric detection of two electrophoretically 
separated proteins. Molecular weight determinations could have been carried out 
in a fashion similar to that of Hedrick and Smith/^ although that is not our 
purpose here. Since the goal of this work is to demonstrate feasibility of detec­
tion, the separation is not fully optimized. One could improve the separation 
through the use of techniques such as gradient gels or higher voltage gradients. 
No photographic enhancement is used in Figure 1, so the photograph realistically 
represents what an observer would see in a darkened room with the unaided eye. 
Indirect fluorometric detection was found to be useful in a concentration range 
(500 ng - 5Jig) commonly associated with Coomassie Blue staining (-100 ng 
LOD)^'^ but without any need for post-separation staining or treatment. It should 
be noted that these results were obtained with a hand-held ultraviolet lamp and 
the naked eye. Future improvements in detectability are expected to be possible. 
Problems with gel casting and with buffer capacity cause the inhomogeneous 
background fluorescence in Figure 1. These must be overcome to allow routine 
use of this method. The eye has a very poor contrast, i.e., a low value for D. A 
laser scanner with automated data collection and signal averaging should improve 
detectability significantly. The use of laser excitation will also allow the concentra­
tion of the fluorescent buffer ion, C^, to be reduced substantially, which will 
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decrease the limiting detectable concentration, C(lim), proportionally. Laser 
intensity instability, or flicker noise, can be reduced through the use of high-
frequency modulation techniques."^ This approach would improve detectability by 
increasing the dynamic reserve D of the system. Furthermore, it is interesting to 
note that sodium dodecyl sulfate-polyaciylamide gel electrophoresis (SDS-PAGE) 
separations of proteins have already been shown to be quite feasible when carried 
out within a quartz capillary tube of 75 nm internal diameter.^^ A reduction of 
the cross-sectional area of the gel involved in the separation is expected to 
improve mass detectability proportionally. Miniature separations of this type have 
applications in areas such as the analysis of single cells for neurological studies.^*^ 
• Indirect fluorometry extends the sensitivity of fluorescence detection to 
analytes which do not themselves fluoresce. As the fluorescence being monitored 
continuously is that of the single fluorophore specifically selected to optimize 
detection, we see that the detection of different analytes does not alter the 
instrumentation. This factor reduces the complexity of detecting widely different 
analytes and increases detection reliability. The analytes must only be of an ionic 
nature, so as to displace the fluorophore, in order to be detected. As analytes 
must be ionic to show electrophoretic migration (neglecting electro-osmosis), 
indirect fluorometric detection should prove to be a nearly universal detector in 
gel electrophoresis. An interesting application is in DNA mapping and sequencing 
gels. On-line, real-time detection should also be feasible, as the displacement of 
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charge responsible for the indirect fluorometric signal is inherently present in all 
stages of the separation process. In effect, detection is nondestructive, and one 
can collect the separated bands for further studies. 
55 
4 3 2 1 
Figure 1. Indirect fluorometric detection of soybean trypsin inhibitor 
(STI) and bovine serum albumin (BSA). Conditions are as 
described in Materials and Methods section. The quantity 
of each protein in the lanes 1 to 4 (from right to left) is as 
follows: 4.5 /ig, 3 jUg, 1 /lig, 0.5 ixg. The imaged area is 10 
cm wide by 8 cm high. 
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PAPER IL 
INDIRECT FLUOROMETRIC DETECTION OF TRYPTIC DIGESTS 
SEPARATED BY CAPILLARY ZONE ELECTROPHORESIS 
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ABSTRACT 
This work demonstrates the analytical utility of indirect fluorescence 
detection with capillary zone electrophoresis (CZE) for the analysis of trace 
quantities of macromolecular mixtures. Detection is based upon charge displace­
ment and is not based upon any absorption or emission property of the analyte. 
No derivatization step is required. Indirect fluorescence is therefore a general 
detector for electrophoresis. Subfemtomolar quantities of tryptic digest mixtures 
are separated within three minutes, and reproducible peaks are obtained from the 
rriixtures. Mass limits of detection are 3000 times lower than those of commercial 
high-performance liquid chromatography (HPLC) UV absorbance detectors and 
180 times lower than UV absorbance detectors in CZE systems. This separation 
and detection system should be well suited to analyses of trace quantities of 
mixtures of peptides. 
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INTRODUCTION 
The separation and detection of complex mixtures of peptides such as those 
produced through the tryptic digestion of proteins, is a very important and widely 
used bioanalytical tool/ Tryptic digests provide a powerful means of analyzing 
primary protein structure by producing a set of peptide fragments that can be 
characterized or mapped for comparison against a similar peptide map of a second 
protein. Small differences in structure can be detected through their effect upon the 
peptide map. The analysis of tryptic digests of proteins whose available sample 
quantities are very limited requires methods compatible with these mass restrictions. 
There is also a need for fast peptide mapping. This work demonstrates the ability 
to detect trace quantities of tryptic digest mixtures separated with high speed. 
Capillary zone electrophoresis (CZE) is a promising new analytical method 
capable of separating complex mixtures of macromolecules with high resolution and 
high speed.^ CZE was introduced in 1979 by Mikkers et al.^ Since then, CZE has 
been applied to a wide variety of analytical problems, including separations of amino 
acids, peptides, proteins, nucleotides, and oligonucleotides.'^*^ The potential resolving 
power of a CZE separation has been well documented as separations exhibiting 
nearly one million theoretical plates have been shown.* Detection of such narrow 
zones of low analyte concentrations within capillaries of 10-75 /xm internal diameter 
places a heavy burden upon the sensitivity of the CZE detection system used. 
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Commonly used detectors, such as UV absorbance and conductivity, do not possess 
detection limits comparable to more selective detectors/'^ Laser-induced fluores­
cence detection demonstrates excellent detection limits, but relatively few molecules 
fluoresce naturally/ Fluorescent derivatization can be used to tag an analyte, but this 
is not always possible, and the derivatization reaction alters the analyte's structure 
permanently. 
Indirect fluorescence detection transfers the sensitivity advantage of fluorescence 
detection to nonfluorescent analytes without the need for sample derivatization. At 
first, the phrase "indirect fluorescence" sounds faintly reminiscent of the concept of 
negative fluorescence commonly seen in such media as fluorescent thin-layer (TLC) 
plates. In negative fluorescence, a TLC plate coated with a stationary fluorophore 
will allow an absorbing analyte to be visualized through a reduction in visible 
fluorescence. The region of the plate containing the analyte emits less fluorescence 
than the background as the analyte has decreased either the intensity of the exciting 
radiation or the intensity of the emitted radiation through absorption or quenching. 
This approach is limited because the analyte must absorb at the excitation or 
emission wavelength or quench the fluorescence, and the sensitivity is limited by the 
absorption pathlength according to Beer's law. The concept of indirect fluorescence, 
as demonstrated in this work and in earlier studies,'®"''^ is quite distinct from that of 
negative fluorescence. An indirect fluorescence signal is based upon the charge-
induced physical displacement of a coeluting, fluorescent buffer ion by the 
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nonfluorescent, nonabsorbing analyte ion. In CZE, low concentrations (<1 mM) of 
sodium salicylate are used as the electrophoretic buffer solution. The fluorescent 
salicylate ion produces a high level of laser-induced fluorescence as it elutes 
continuously past the detection zone. Injected nonabsorbing, nonfluorescent analytes 
migrate through the capillaiy at their characteristic velocities. Assuming a 
homogeneous and constant concentration of sodium counter-ions, the migration of 
a negatively charged analyte into a local region requires the displacement of a 
salicylate buffer anion from that region to maintain charge balance. A decreased 
level of fluorescence at the analyte zone is therefore monitored. The analyte zones 
are visualized indirectly through their effect upon the buffer fluorophore around 
them. This type of detection possesses a number of advantages. The analyte need 
not have any useful absorption, emission, or quenching properties in order to be 
detected. As electrophoresis separates ionic species, the requirement that the 
analytes be ionic in order to be detected is not overly restrictive, and indirect 
fluorescence is a nearly universal detection system for electrophoresis. In addition, 
indirect fluorescence demonstrates excellent mass detection limits.^"' As the intensity 
of the excitation radiation can be increased to account for losses in pathlength, this 
system is easily miniaturized to capillary dimensions. 
This work will demonstrate the analytical utility of indirect fluorescence detection 
in CZE for the analysis of trace quantities of complex macromolecular mixtures such 
as tryptic digests. The ability to detect very small absolute quantities of an analyte 
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at high speeds in significant when available sample quantities are limited. One such 
situation is presented in the analysis of single cells. The ability to isolate and analyze 
the contents of one cell without the necessity of averaging large numbers of cells to 
provide adequate material for analysis would have important neurobiological 
implications.^^ Sample quantities are also often quite limited in the analysis of 
proteins in minute volumes of biological fluids.'*^ In both instances, further 
characterization of proteins from these sources by techniques such as tryptic digestion 
and peptide mapping will require analytical methods with impressive mass detection 
limits. 
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EXPERIMENTAL 
Materials 
The following reagents were purchased from these sources: salicylic acid 
from J. T. Baker; 3-cyclohexylamino-l-propane sulfonic acid (CAPS), bovine 
serum albumin (BSA), B-casein, and trypsin (TPCK treated Type XIII) from 
Sigma; and ammonium bicarbonate from Fisher Scientific. Untreated fused silica 
capillaries (Polymicro Technologies) of 10 nm i.d., 150 jum o.d. were used for the 
electrophoretic separations. Deionized water obtained from a Milli-Q purification 
system (Millipore) was used for all solutions. All chemicals were reagent grade. 
Equipment 
The apparatus used here was quite similar to that of earlier work.^"^ 
Alterations included the use of 330 nm laser excitation from an argon-ion laser 
(Spectra-Physics, model 2035-3.0) at 7 mW power and the removal of the spatial 
filter mask employed earlier.^^ The fluorescence of the salicylate buffer was 
adequately isolated from scattered excitation light through the use of two glass 
cutoff filters (WG-360, Melles Griot). Also, all injections were made at decreased 
voltages in order to maximize peak resolution.^^ Electropherograms were 
collected with an IBM PC-AT with an A/D board (Data Translation, model 
DT2827) operating at 40 hertz. Once collected, the data was treated with five-
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point running average smooth. 
Preparation of trvptic digests 
Standard digestion procedures were used with several modifications.^^ A 1 
mM ammonium bicarbonate solution was used as a digestion buffer rather than 
0.1 M in order to reduce the ionic interference of bicarbonate. Likewise, trypsin 
was stored in 10-4 M HQ rather than 10'^ M HQ. The protein substrates were 
heat-denatured by boiling for ten minutes, but no steps were taken to cleave 
disulfide bonds. Following digestion at 37° C for 8 hours, the digests were frozen 
at-15°C. 
Reversed-phase high-performance liquid chromatography THPLQ separations 
Mobile phase was delivered with two Beckman HOB Solvent Delivery 
Modules. The CIS Dynamac column, 4.6 x 250 mm (Rainin) was maintained at 
room temperature. Injections were made manually with a 250-/LiL Rainin sample 
loop. Absorbance at 214 nm was monitored with a Beckman 166 System Gold 
programmable detector. The gradient used was of standard composition.'^ 
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RESULTS AND DISCUSSION 
Figures 1 and 2 show the separation and detection of tryptic digests of /S-
casein and bovine serum albumin (BSA) with CZE and indirect fluorescence 
detection. Note that all peptides elute within three minutes of injection. This is 
to be compared to the 1-2 hours typically needed for HPLC runs. Figure 3 shows 
a replicate injection of the same digestion mixture of /3-casein. Peptide peaks are 
generally reproducible in terms of retention time and peak height. Some variation 
in resolution of adjacent peaks is seen. This is most likely due to variations in the 
length of the injected sample plug^^ and the low buffer capacity of the electropho-
retic running buffer. Note that some peaks seen in these separations represent 
increased levels of fluorescence as opposed to the decreased levels typically seen 
in indirect detection. These species are probably cationic contaminants in the 
protein digests, or may actually be arginine-rich peptide fragments. The results 
shown here demonstrate the ability of CZE to perform very rapid separations of 
complex mixtures of analytes. 
Separation and detection conditions 
General strategies for the selection of initial conditions for electrophoretic 
separations exist and are useful.^® Detection and separations conditions in 
indirect fluorometry can be slightly interdependent for some groups of analytes. 
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Figure 1. Tryptic digest of jS-casein detected by indirect fluorescence. Conditions: 
pH 10.9, 500/zM salicylate-CAPS running buffer; 10 nm i.d. fused silica column, 70 
cm. total length, 60 cm. from injection to detector window; Is, +10 kV electro-
migration injection; +40 kV running voltage; Total ^-casein concentration is 2.5 
mg/ml before injection. 
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Figure 2. Tryptic digest of bovine serum albumin detected by indirect fluores­
cence. Conditions: pH 10.9, 500/iM salicylate-CAPS running buffer; 10 /j,m i.d. 
fused silica column, 70 cm. total length, 60 cm. from injection to detector window; 
Is, +10 kV electromigration injection; +40 kV running voltage. Total albumin 
concentration is 1.98 mg/ml before injection (3 x 10 '•^M ), 6.4 femtomoles 
peptide injected. 
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Figure 3. Replicate injection of tryptic digest of /S-casein. Conditions: pH 10.9, 
500/iM salicylate-CAPS running buffer; 10 /im i.d. fused silica column, 70 cm. total 
length, 60 cm. from injection to detector window; Is, +10 kV electromigration 
injection; +40 kV running voltage. 
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This is partially due to the requirement that an analyte be ionic in order to 
displace the salicylate anion. This can be a disadvantage in that a certain loss of 
flexibility in selection of running conditions is seen if the analyte's ionizable groups 
require extremes of pH. 
We chose to separate the peptides as fully charged anions, allowing 
separation by virtue of inherent differences in each peptide's absolute mobility. 
Peptides are, in general, expected to develop their full net negative charges near 
pH 10?^ It was found that somewhat higher pH values improved peak resolution. 
As a gauge of resolution, the peptide peak eluting at a retention time of 2.5 
minutes in Figure 1 is separated with an efficiency of 360,000 theoretical plates. 
The buffer pH cannot be increased indefinitely to further improve separation as 
detection considerations become relevant. As discussed earlier, a highly sensitive 
indirect fluorescence signal requires a high transfer ratio.^^ This means that, in 
order to maximize the signal, each analyte must displace as many fluorophores as 
possible. Unfortunately, hydroxide can be displaced along with salicylate, which 
results in a loss of sensitivity. At our running pH of 10.9, hydroxide is present at 
nearly 1 mM levels, which competes quite successfully with the salicylate fluoro-
phore (500 /jM) for displacement by the peptides. As salicylate is already fully 
ionized near pH 5, we expect the observed loss in sensitivity to be due primarily to 
competitive displacement rather than a shift in the absorption band with increased 
pH. Further gains in resolution through pH increases will be achieved only 
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through losses in detection sensitivity. Further optimization of the present 
conditions to enhance separation and detection should be worthwhile. Although 
the high electroosmotic flow rates here produce very high speed separation, gains 
in resolution at the moderate expense of running time should prove useful in 
many applications. Resolution should improve as the magnitude of the electro­
osmotic flow decreases toward the average mobility of the peptide fragments.^ 
Numerous methods exist for the reduction of electroosmotic flow.^^'^"' Based on 
the known solubility of silica at alkaline pH values, covalent silylation of the silica 
column walls in not expected to produce highly stable, reproducible results. The 
use of buffer additives to increase the solution viscosity has demonstrated im­
proved resolution of macromolecules without adjustment of solution pH.^'^ It is 
not clear that these results can be used to improve separation, but efforts to lower 
electroosmotic flow rates could be useful. Lower electroosmotic flow rates could 
also enhance detection, as lower pH values could be used to achieve equivalent 
separations. This would reduce the level of hydroxide interference while retaining 
the majority of the full anionic charge of the peptides. 
Limits of detection 
One of the most significant advantages of indirect fluorometric detection in 
CZE is the low mass detection limits that can be obtained. In earlier studies, 70 
attomoles of monophosphate nucleotides were separated and detected.'^ The 
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peptide eluting at 1.85 minutes in Figure 2 is detected with a mass detection limit 
of 550 attomoles injected. This uses the criteria that signal/RMS noise equals 3. 
By lowering the pH and the ionic strength of the running buffer, we can achieve 
mass detection limits of 165 attomoles for the same material. The resulting 
overall separation is degraded, however. Detection and separation conditions will 
need to reach a compromise to achieve the best overall performance. Both 
detection limit figures given here may be conservative as they assume quantitative 
conversion of a protein to its peptide fragments. 
The limits of detection achieved here can be compared with those achieved 
by other commonly used universal detection systems, such as UV absorbance and 
conductivity. Note that indirect fluorescence detection is a nearly universal 
detection system similar in scope to conductivity detection and is capable of 
detection ionic species that lack a UV absorbing chromophore and are not easily 
detected by UV absorbance. Commercial HPLC detectors have significantly 
larger sample volume requirements than CZE, and their mass detection limits 
have been roughly estimated at 500 femtomoles.^^ The 165 attomole detection 
limit seen here is substantial improvement in detection ability. However, mass 
detection limits for absorbance detection can also profit from miniaturization. 
Recent work has demonstrated mass detection limits of roughly 30 femtomoles 
(S/N=3) for UV absorbance detection of lysozyme in CZE separations.^*^ The 
mass detection limits for indirect fluorescence detection are then 180 times lower 
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than those typically demonstrated for UV absorbance detectors in CZE. Early 
conductivity detectors cannot match the mass detection limits restated here for 
UV absorbance.' Recent work has improved the mass sensitivity of conductivity 
detection, although direct comparison with UV absorbance is difficult as the 
authors do not state their detection limits in terms of quantities injected.^^ As an 
estimate, however, roughly equivalent concentration detection limits and capillary 
dimensions^^ suggest that the mass detection limits for conductivity detection are 
similar to those for absorbance detection. 
If a sample is available in an unlimited quantity, mass detection limits are 
of little relevance and concentration detection limits are of primary significance. 
UV absorbance and conductivity detection can detect roughly 10'^ M analytes in 
CZE.^'^* Indirect fluorescence detection is competitive with these methods as 
evidenced by the detection of 10'^ M levels of dihydrogen phosphate.^^ 
Efficiencv of separation and detection 
In order to obtain all the structural information desired from a tryptic 
digest, each peptide produced should be clearly separated and efficiently detected. 
An unambiguous map can then be obtained. As a rough indication of the number 
of peptides to expect in each digest, the amino acid sequences of BSA and /3-
casein can be studied."'®'^' The BSA tryptic digest is expected to give roughly 83 
peptides while B-casein should produce a considerably less complex mixture of 
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only about 16 peptides. The CZE system detected 18 and 13 peaks for the BSA 
and B-casein digests, respectively. Nearly all of the peptides thought to be present 
in the B-casein digest are accounted for. The much more complex BSA digest 
does not allow nearly as many peaks in the CZE system as expected. There are 
several possible reasons for this discrepancy. Peptides could be coeluting in the 
CZE system. This appears likely, as shoulders are seen on a number of peaks. It 
is also possible that some peptides are not being detected effectively. Those 
peptides possessing net charges substantially less negative than other peptides will 
be more likely to escape detection, as they will not induce comparable displace­
ments of salicylate. This factor is influenced by each peptide's content of ionizable 
side chain groups, which is determined by the number of aspartic acid, glutamic 
acid, lysine, arginine, and histidine amino acid residues. Reversed-phase HPLC 
separations were performed on our digests to determine the actual number of 
peptides present in the mixtures. The BSA digest produced approximately the 
expected number of peptides while the jS-casein digest produced significantly more 
peptides than expected. This again shows that CZE system is not separating and 
detecting every peptide present. It is, however, separating and detecting most of 
the peaks present in the less complex )8-casein digest. Mass spectrometric 
confirmation of the identities of the tryptic digest peaks would be very useful. 
However, instrumentation suitable for the small-diameter capillaries used here is 
not yet available. 
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Indirect fluorescence detection thus provides superior mass detection limits 
and substantial speed for the analysis of trace quantities of mixtures of biological 
macromolecules. Further improvements in both separation and detection capabili­
ties will improve the method's applicability to highly complex mixtures. At the 
present moment, digests of small proteins and polypeptides should be most 
suitable for routine analysis. Unresolved peaks and neutral fragments are less 
likely to occur as the average size of the peptide fragments and the total number 
of peptides in the digest decreases. Methods of cleavage that produce more 
limited digests, such as digestion with cyanogen bromide, should be well suited to 
this method. Analysis of trace quantities of simple mixtures of several peptides or 
proteins, as seen in quality control applications for the pharmaceutical and 
biotechnology industries,' would also seem to be within the present capabilities of 
this separation and detection system. 
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PAPER m. 
DETERMINATION OF INTRACELLULAR SPECIES AT THE LEVEL OF 
A SINGLE ERYTHROCYTE VIA CAPILLARY ELECTROPHORESIS WITH 
DIRECT AND INDIRECT FLUORESCENCE DETECTION 
78 
BRIEF 
Intracellular contents reflect the specific history of a cell including innate 
physiological heterogeneity as well as differing levels of exposure to environmental 
influences. A method capable of separating and detecting a variety of species 
from within a single human erythrocyte is demonstrated. Guided by a microscope, 
individual cells can be drawn into open capillaries of 10 /xm i.d. On contact with a 
low ionic strength buffer solution, the cell lyses and releases its intracellular fluid. 
The ionic components are then separated by capillary electrophoresis. For 
glutathione, microderivatization with a fluorescent reagent can be accomplished in 
vitro with monobromobimane. The effects of extracellular oxidizing and reducing 
agents on the glutathione levels can thus be followed. For sodium and potassium, 
or any other ionic species, charge displacement of a fluorescent cation results in 
indirect fluorescence detection. The two detection modes are suitable for intracel­
lular components present at sub-attomole and sub-femtomole levels, respectively. 
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INTRODUCTION 
An understanding of the effects of external stimuli, such as exposure to 
anticancer agents and exogenous toxins, upon specific cellular strains is important 
in fields such as cell biology, pharmacology, and toxicology/ Alternatively, the 
discovery and study of inherent differences in the composition of morphologically 
identical cells could help elucidate the correlation between a specific cellular trait, 
such as disease resistance, and the presence of certain species within a cellular 
sub-class.^ An analytical device capable of providing insight into the biochemical 
composition of a selected single mammalian cell could accelerate progress towards 
these goals. 
We have constructed a simple analytical scheme capable of separating and 
detecting either non-fluorescent or fluorescent species within the cytoplasm of a 
single human erythrocyte. The instrument is based upon a capillary electrophore­
sis (CE) separation system coupled with either a laser-based indirect or direct 
fluorescence detection scheme. The high separation power of CE allows discrimi­
nation against the complicated cell matrix and provides positive identification of 
the analytes based on retention time. We are able to monitor non-fluorescent 
species such as sodium and potassium and fluorescent derivatized species such as 
the physiologically important peptide, glutathione (GSH). A membrane-mediated 
approach makes derivatization of single cell contents practical without tedious • 
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microchemistry or pooling of the heterogeneous cell contents of many cells. As a 
practical application of single-cell CE, human erythrocytes were subjected to 
modeled oxidative stress by the application of externally applied reagents. We can 
follow statistically valid modulations in the quantity of glutathione present in 
human erythrocytes before and after application of the cell-affecting reagents. We 
believe that this is the first report of the separation and detection of individual 
species at the mammalian erythrocyte level. In light of the extremely small cell 
volume of the erythrocyte (87 femtoliters), it is clear that single cell analysis of the 
majority of mammalian cells is possible and practical. 
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EXPERIMENTAL 
Instrumental 
The CE separation system used here has similarities to previously described 
instruments/ Excitation is provided by 4 mW of combined 350-360 nm radiation 
from an Argon ion laser (Coherent Innova 90, Palo Alto, CA). A 6 mm focal 
length glass lens (Edmund Scientific, Harrington, N. J.) is used to focus the beam 
within the 10 (im capillary. A 20x microscope objective (Edmund Scientific) is 
used to collect the fluorescent image. A R928 photomultiplier (Hamamatsu) is 
used to detect the fluorescence signal. The instrumental configuration of the 
capillary and electrodes has been rearranged to allow open continuous operation 
of the grounded end of the CE capillary in a buffer vial under the field of view of 
a microscope (lOOx magnification. Series 10 Microstar). The grounded end of the 
capillary and the ground electrode are both mounted in 3-D micromanipulators 
(The Micromanipulator Co., Models 412 and 512). The configuration of the 
grounded injection region is shown in Figure 1. This arrangement allows precise 
movement of the CE capillary while the capillary orifice is being viewed through 
the microscope. During CE separations, the capillary and ground electrodes are 
positioned within a small buffer vial. The buffer vial consists of the bottom 10 -
15 mm of a 20 ml sample vial firmly bonded to a microscope slide. For cell 
injections or injections of standards, the capillary and ground electrode are 
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manipulated upwards slightly, and the appropriate solutions are positioned upon 
the microscope stage. 
Cell selection and injection 
A 20 /liL drop of the cell suspension to be sampled is placed on a clean 
microscope slide in place of the CE running buffer vial. Best results are obtained 
with low to moderate cell densities (< 1/500 that of whole blood) and small drop 
volumes which reduce convective disturbances. An individual erythrocyte is 
selected for injection by manually positioning the orifice of the capillary close to 
the cell of interest with the aid of the microscope and the micromanipulators. A 
pulse of vacuum from the opposing capillary orifice is then applied. Electroosmo-
sis can in principle be employed to introduce cells though this method suffers from 
the inability to rapidly adjust the magnitude of the injection velocity or to reverse 
the flow direction. A one meter column of 10 /xm internal diameter typically 
requires only 350 mm Hg vacuum for a few seconds to induce an erythrocyte to 
enter the capillary. A 20 mL sample vial made airtight with a septa and an 
autosampler cap serves as the high voltage buffer reservoir. The capillary is 
inserted through the flexible septa with the aid of a hypodermic needle. 
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Figure 1. Closeup of the cell injection region of the CE system. A = ground 
electrode; B = lOOx microscope; C = CE capillaiy. A cell is selected for injection 
by manually positioning the orifice of the capillary close to the cell of interest and 
then applying a pulse of vacuum to the capillary. 
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A manually controlled 20 mL gastight syringe interfaced to the high voltage vial 
via a Luer-lock hypodermic needle provides the pressure or vacuum required to 
modulate the motion of fluid within the capillary. The entire process of cell 
selection and injection typically consumes 2-5 minutes. 
Once an individual erythrocyte is within the fused silica capillary, the cell 
membrane typically adheres to the capillary walls, immobilizing the cell. The 
capillary can now easily be manipulated up out of the cell solution and the CE 
running buffer solution can be replaced under the capillary. Lysis of the cell to 
release the intracellular contents is now desired. Additional cell lysate solutions 
(1% SDS, digitonin or dilute buffer) may introduced over the cell for this purpose. 
We have found the resumption of the electrophoretic separation with the capillary 
in CE running buffer also destroys cell integrity. Upon lysis, the intracellular 
contents migrate towards the optical detection window. 
Direct fluorescence detection 
Fused silica columns (Polymicro Technologies, Phoenix, AZ) of 1 meter 
total length (50 cm to detector) were used without modification. The CE running 
buffer was 20 mM sodium phosphate, pH 8.8. An applied voltage of -20 kV was 
applied. One 400 nm longpass filter (GG-400, Melles Griot) was used in combina­
tion with two 470 nm (Edmund Scientific, Barrington, N. J.) interference filters. 
Erythrocytes were obtained from an apparently healthy human male in 
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EDTA. Whole blood was stored at 4° C for 4 - 5 days without additives. No 
marked hemolysis was observed. The erythrocytes were prepared by removing 
plasma contamination by repeated washes/centrifugations using 135 mM NaCl, 20 
mM phosphate, pH 7.4 as the washing buffer. Forty microliters of whole blood 
were added to 7 mLs of wash buffer and inverted gently. After centrifugation 
(1100 rpm for 6 minutes), the supernatant was removed and fresh wash buffer was 
added. The process was repeated several times for a plasma removal factor of 
10^. Monobromobimane (mBBr) derivatization was carried out as in Ref. 10, with 
12 /Limole mBBr/ml packed cells at 37° C for 60 min. Cells were washed before 
and after derivatization. 
GSH modulation experiments 
Modulation conditions and format were similar to those of standard 
macroscopic intracellular GSH experiments.'^'^ Cells were washed free of plasma 
before incubation. Cells were derivatized with 24 fimole mBBr/mL of packed cells 
for 60 minutes at 37° C after incubation with modulation reagents. Cells were 
washed before the next incubation step proceeded. 
Indirect detection 
The applied voltage is 20 kV. One 400 nm long-pass filter (GG400, Melles 
Griot) was used with two 515 nm (Edmund Scientific, Barrington, N.J.) interfer­
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ence filters. The requirement of very low ionic strength cell suspension solutions 
and the tendency of cationic species to interact with the silica column walls calls 
for the use of column deactivation procedures. Previous work demonstrated the 
sensitivity required for detection of cytoplasmic cations,however, that method 
was not compatible with the high osmotic strength cell wash solutions necessary or 
the cell matrix itself. To alleviate these effects, a hydrophobic coating is bonded 
to the column walls^ and a cationic surfactant is included in the CE running 
buffer. The surfactant adheres to the wall coating and minimizes cationic interac­
tions with the column. These methods dramatically improved single cell CE's 
reproducibility and its ability to withstand the heavy cell matrix effects encoun­
tered. 
Two percent OV-17v coated CE columns were prepared according to 
published methods.^ Five hundred micromolar 6-aminoquinoline (6-AQ) and 200 
nM cetyltrimethylammonium bromide, pH 3.8 make up the CE running buffer. 
Cells are washed as in the direct detection experiments with 8% glucose/500 /xM 
6-AQ, pH 6.5. Other conditions are identical to those of direct detection. 
Data collection 
Data was collected with an IBM compatible AT clone through a Data 
Translation (Marlboro, MA) DT2802 analog to digital interface. 
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Reagents 
Unless specified otherwise, all reagents were obtained from Sigma Chemi­
cal (St. Louis, MO). 6 - aminoquinoline and cetyltrimethylammonium bromide 
were obtained from Aldrich Chemical (Milwaukee, WI). 0V-17v was obtained 
from Petrarch Systems, Bristol, PA. Monobromobimane was obtained from 
Molecular Probes (Eugene, OR). Diamide is the trivial name for diazene-
dicarboxylic acid bis (N,N-dimethylamide) 
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RESULTS AND DISCUSSION 
Detection of low concentrations of cell constituents within the picoliter 
detection volumes used here requires highly sensitive detection such as that 
provided by laser based fluorescence methods.^ Unfortunately, only a minority of 
interesting analytes fluoresce appreciably naturally. Several possibilities exist for 
overcoming this limitation at these small volumes. Common derivatization meth­
ods miniaturized to the single erythrocyte scale may eventually be feasible yet 
certainly still present formidable technical challenges.^ Pooling the contents of 
multiple cells defeats the purpose of a single cell analysis technique by homogeniz­
ing the contents of possibly heterogeneous cells. Alternative detection methods 
such as electrochemical detection are suitable in some instances, but ultimately 
also detect only a given subset of potentially interesting species. In considering 
these options, one can see that much room exists for new solutions to the problem 
of micro-derivatization. 
Micro-derivatization of living cells is a unique challenge which can be 
approached in methods unsuitable for other samples. One such approach is to 
use the cell's semi-permeable membrane to regulate the flux of species through 
the "reaction vessel", i.e. the cell itself. Small non-polar derivatization reagents 
applied to the macroscopic exterior phase surrounding the cell readily partition 
through the lipophilic cell membrane where they are available for reaction with 
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the appropriate analyte functionalities. The exterior phase with its excess reagents 
and contaminants can be completely removed via centrifugation. The derivatized 
product, if larger or more polar than the original reagent, will not migrate back 
out through the cell membrane. No tedious microchemistry is required and no 
loss of correlation between individual cellular identities and cellular biochemical 
information is seen. A limitation is that not all functionalities possess favorable 
reaction kinetics with known derivatization reagents at physiological conditions. A 
number of interesting intracellular species should be accessible, however. Intracel­
lular thiols and cytosolic proteins are known to react with reasonable rates near 
physiological pH conditions.^^'^^ Membrane mediated microderivatization is 
similar to concepts employed in fluorescence microscopy and flow cytometry, and 
some reagents used in these fields may be immediately useful. Reactive fluores­
cent probes, such as dichlorotriazinylaminofluorescein (DTAF) are suitable for 
reaction with the e-amino group of lysine side chains and N-terminal «-amino 
groups of cytosolic proteins with acceptable yields (40-70%) at room temperature 
in reaction times of one hour or less at physiological pH.^^ Delivery of such 
probes can be accomplished via esterification of polar moieties to allow penetra­
tion into the cell where non-specific esterases activate the reagent.^^ The fluores­
cein based structure of this and other reagents should permit highly sensitive 
detection of derivatized species. 
As an example of the utility of this concept, monobromobimane (mBBr) 
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was used to derivatize thiol containing species within functioning erythrocytes at 
physiological conditions.*^ Cellular thiols have an important function in the biology 
of cells, being involved with cell proliferation^"^, cellular transport mechanisms,^'^ 
and DNA synthesis^^. Numerous environmental toxins such as heavy metals, 
oxidants,"'^ and metabolites of toxic chemicals'^ can modulate cellular thiols. GSH 
has been reported to constitute over 95% of non-protein thiols in macroscopic cell 
lysates'^ and is accordingly, of special significance. In particular, GSH metabolism 
is an important determinant in the control of cellular response to various types of 
drugs and radiation.'^ Figure 2 shows the electropherogram of intracellular thiols 
at the single erythrocyte level. 
The high separation efficiency of CE and the thiol specificity of the 
derivatization reaction allows positive identification of GSH through comparison of 
cellular thiol retention times to those of a derivatized GSH standard. For future 
work, improved detection of other trace thiols could be achieved by use of 
optimized fluorescein-based thiol reagents and specific laser lines. 
We also studied the effects of diamide and dithiothreitol (DTT) as model 
oxidative and reductive agents upon the total GSH present within given cells. The 
reagents induced a statistically valid modulation between high and low GSH levels 
in the cells by the alternate oxidation and reduction of intracellular GSH and the 
corresponding disulfide, GSSG. Figure 3 gives the graphical results of this experi­
ment. More subtle doses of diamide (condition 2) were unable to produce 
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Figure 2. Electropherogram of mBBr-derivatized contents of a single human 
erythrocyte using direct fluorescence detection. The peaks are: 1 = peak associat­
ed with unreacted mBBr; 2 = unidentified intracellular thiol; 3 = GSH 
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Figure 3. GSH determinations in single erythrocytes. Bars represent average 
GSH peak area and standard deviation. Conditions: 1 = Derivatization of cells 
with mBBr; 2 = 0.3 /xmole diamide/ml packed cells; mBBr derivatization; 3 = 1 
/xmole diamide/ml packed cells; mBBr derivatization; 4=1 /xmole diamide/ml 
packed cells; then 5 mM DTT followed by mBBr derivatization. A statistically 
significant (95% confidence) difference exists between the means of GSH levels of 
c o n d i t i o n s  1 - 3  a n d  4 - 3 .  N o  s t a t i s t i c a l  d i f f e r e n c e  i s  f o u n d  b e t w e e n  m e a n s  1 - 4 .  
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statistically significant changes in GSH content, as expected. 
In order to understand the role of GSH within a functioning cell, some 
method of artificially changing its concentration is desired. Known levels of GSH 
can then be correlated with observed cellular properties. Diamide is a convenient 
and effective species for modulating the intracellular GSH level of functional 
cells.^^'^® Diamide oxidizes GSH to its disulfide, GSSG. This species is then 
unavailable for reaction with the thiol specific derivatizing reagent, mBBr. The 
ability to monitor changes in intracellular GSH levels via exposure to diamide 
implies a similar ability to monitor the modulation effects of more complex and 
interesting stimuli such as exposure to chemotherapeutic agents or ionizing 
.radiation at the single cell level. Dithiothreitol is an well-known agent for the 
reduction of intracellular thiols.^-' Its effect here is to reduce GSSG to the thiol, 
GSH. This reaction increases GSH levels at the expense of GSSG levels and 
consequently, larger concentrations of GSH are available for derivatization with 
mBBr. 
The restoration of GSH-mBBr levels seen upon incubation of cells with 
DTT following incubation with diamide (condition 4) demonstrates that the low 
intracellular GSH levels seen in condition 3 are likely due to the conversion of 
GSH to GSSG and are not due to such factors as cell lysis or leakage, perhaps. 
As GSH levels have been reversibly cycled through high to low to high states, 
cellular integrity must be maintained throughout the entire process. 
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Single cell monitoring provides information about the cell to cell variation 
of measured quantities within the sampled group of cells. Though not of primary 
importance, it is of interest to discuss the ability of a single cell measurements to 
accurately reveal statistically valid information regarding average behavior in the 
cell's population of origin. Statistics can provide reasonable estimates of the 
appropriate number of cells to be sampled in order to produce valid estimates of 
the cell population mean.^^ It can be shown that 
0.24 (r I bf = n #0) 
where n is the number of sampled cells from the population, r is the estimated 
range of the analyzed quantity, and b is the acceptable boundary upon the error 
of estimation. We assume the use of a 95% confidence interval and that the cell 
population under consideration is a normal distribution. For a cell population 
such as that in Figure 3, condition 1, Equation 1 predicts that on the order of 4 
measurements are required to estimate the population mean when the desired 
error of estimation is one fourth of the experimental range or 1 standard devia­
tion. Four single cell measurements currently require 1 hour or less of contiguous 
experimental time. It should also be noted that no effort was made here to 
optimize throughput and recent advances in ultra high speed or the use of 
parallel experimental apparatus may permit even more rapid analysis times. From 
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inspection of Equation 1, it can be seen that qualitative determinations will 
require veiy few samples while sample size increases accordingly with the accuracy 
desired for the measurement. The degree of accuracy required will vary, yet it is 
of interest to note that a number of toxic agents are known to decrease intracellu­
lar GSH levels by 70% before critical depletion occurs and the onset of irrevers­
ible intracellular damage begins.^'^ Similar equations can be utilized for estimating 
the sample size required to prove a significant difference between means of 
different cell populations. This is the situation shown in Figure 3. It can be seen 
that both population mean and cell to cell heterogeneity information can be 
gathered from very small cell populations and valid estimates of statistical signifi­
cance can be made. 
We made multiple injections of single erythrocytes derivatized with mBBr 
to assess the accuracy and precision of single cell CE. Table 1 shows the results 
of these GSH determinations. It is important to note that the purpose of single 
cell studies is not so much to predict the average cell contents, but to note 
individual differences. Figure 3 and Table 1 show that there are large variations 
among cells that cannot be explained by differences in sampling or measurement. 
Several sources of variability contribute to the observed deviation. These are: 
variations in actual cell volume from mean values, non-uniformity in the extent of 
the derivatizatiori reaction, and deviations in intercellular thiol content and status. 
We note however that erythrocytes are quite uniform in volume. We believe that 
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the last source, the specific cellular history of the sampled cells, plays a significant 
role in the observed scatter of experimentally determined GSH quantities. This 
underscores the value of single cell analysis. Our conclusion is based upon several 
factors. The first is our knowledge of the "all or nothing" cell injection method 
used in that a cell's entry into the capillary can be visually confirmed. As the cells 
are packaged as individual biological quanta, all of the cell's contents are injected 
together. The fact that multiple cells are not injected is similarly confirmed. We 
also note that all cells of a given experiment are derivatized under identical 
conditions in the same macroscopic solution. This should greatly reduce any 
imprecision based upon changes in reaction conditions. Finally, repeat injections 
of standards produce peak areas reproducible to ± 2%. 
The mean GSH levels in Table 1 are substantially lower than literature 
values. GSH may be tied up in other cellular compartments and therefore not 
measured here. We attempted to totally dissociate any bound GSH conjugate 
from the cellular matrix by injecting running buffer containing 1% SDS over the 
immobilized cell. For limited numbers of trials, no dramatic increase in detected 
GSH was seen. We also note that uncertainties exist in estimating the quantity 
(volume) of standards injected. Hysteresis in electroinjection and inaccuracy in 
the column internal diameter as quoted by the manufacturer can both lead to 
errors in quantitation. It is not uncommon to have a time constant of 1-2 s in high 
voltage power supplies, adding 50% to the amount of standards injected. Also, a 
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20% error in estimating the column diameter will lead to a 40% error in injection 
volume. It is apparent that better calibration is needed to provide reliable 
absolute GSH values. 
We recognize that derivatization methods, regardless of the degree of 
refinement, will not be useful in all instances. A significant number of analytes 
inherently lack useful detection properties and do not possess the functionalities 
appropriate for derivatization, or those functionalities are inaccessible due to 
experimental restrictions. We have achieved the separation and detection of two 
underivatized non-fluorescent species, sodium and potassium, from the cytoplasm 
of single human erythrocytes via indirect fluorescence detection. Indirect fluores­
cence detection records the passage of a non-fluorescent analyte through the 
detection zone by the charge displacement effects of the analyte upon the fluores­
cent co-migrating buffer ions.^^ Indirect detection methods permit the sensitive 
detection of species which have no inherently useful detection properties, and 
offer the potential for general detection of charged species. Of particular interest 
are those intracellular species which possess no useful detection properties, such 
as inorganic ions. Anionic species such as glutamate, aspartate, lactate and 
pyruvate are all also amenable to indirect detection though further increases in 
instrumental sensitivity will be required to reliably quantify them within an 
erythrocyte. Figure 4 shows the results of a determination of sodium and potassi­
um from a single erythrocyte. By inspection of the peak area of the potassium 
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Table 1. Averaged total GSH content from 6 separate single erythrocyte separa­
tions and comparison with expected macroscopic literature values?^ Intracellular 
concentrations are based upon 87 femtoliter cell volumes,manufacturer's 
specifications of column internal diameters and absence of injection bias for 
standard samples. The calibration curve for free GSH-mBBr conjugate was linear 
with r^ of 0.994 and a LOD of 5.9 attomoles (4.8 x 10'^ M) based upon S/N of 3. 
single cell GSH 
Macroscopic Values 
Amount present 
68 ± 48 
191 ± 36 
(amole) Concentration(M) 
7.5 X 10'^ ± 0.55 
2.20 X 10""^ ± 0.41 
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standard, it can be seen that the sampled potassium is present at quite reasonable 
physiological levels. The intracellular sodium, however, is present at substantially 
larger than expected levels as the peak area of the injected sodium standard 
represents five times the expected level of intracellular sodium. Our comparisons 
are based upon macroscopic literature values for intracellular sodium and potassi­
um concentrations^^'^^ and estimates of erythrocyte cell volume.^® A co-eluting 
system peak^^ can be seen as a shoulder on the sodium peak and is the main to 
this unexpected increase. This system peak appears even when pure lithium or 
potassium standard is injected. A correction must be applied or else a different 
buffer system should be used for the determination of intracellular sodium. 
Human erythrocytes prove difficult analysis targets as the cationic electro­
lytes quickly dissipate upon immersion of the cell into solutions of low ionic 
strength.^^ Porcine erythrocytes do not demonstrate this property so readily and 
are useful for developmental studies. In our laboratory, similar results are seen 
upon injection of single porcine erythrocytes. 
This work is a step towards a viable analysis of the intracellular composi­
tion of single mammalian cells. Several other groups have utilized capillary 
separations with electrochemical and fluorescence detection to study trace organic 
species within the cytoplasm of invertebrate neurons.^''^^"^^ Most recently, Cooper 
et al. demonstrated analysis of femtomole levels of catecholamines within mamma­
lian adrenomedullary cells.^^ Differentiating features of the present work 
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Figure 4. Electropherograms using indirect fluorescence detection. A = 2s 
electroinjection of 45 fxM standards. 1 = Li (11.7 femtomoles injected) 2 = Na 
(10.7 femtomoles) 3 = K (6.5 femtomoles); B = 1 human erythrocyte injected; C 
= blank of extracellular matrix. The calibration curve for electroinjected LiCl 
standards was linear from 5.0 x lO'*^ M to 8.4 x 10"^ M with r^ of 0.996 (n=20). 
We determined the peak area precision of 2s 60 /xM LiCl standard injections to 
be 2.0% RSD with a retention time precision of 0.22 % RSD (n=7). 
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are its ability to analyze cells of a volume similar to that of an erythrocyte (which 
is about 1000 times smaller than a typical invertebrate neuron and 20 times 
smaller than an adrenbmedullary cell), the ease of cell manipulation, the absence 
of dilution before injection, and the interchangeable detection concepts of micro-
derivatization (specific) and indirect fluorescence (universal). We believe that a 
substantial advantage would be gained by the development of coherent methodol­
ogies whereby investigators could readily analyze a wide variety of intracellular 
species via the more appropriate of two detection schemes with only trivial 
instrumental modifications. The limitations of single cell CE are seen as the 
requirement for low ionic strength solutions for indirect detection and restrictions 
on reaction conditions for micro-derivatization. On column derivatization methods 
involving non-physiological conditions could provide additional flexibility in the 
types of species amenable to this approach. 
We anticipate that single cell CE will be useful in such tasks as correlating 
the relationships between cellular function and biochemical composition, and for 
elucidation of the mechanistic effects of drug candidates upon specific cellular 
subsets. Single cell CE would be especially useful in instances where investigators 
are interested in the effects of extracellular influences upon multiple specific 
intracellular species. This type of information is difficult to obtain with methods 
such as flow cytometry and fluorescence microscopy. It is important to note that 
single cell CE allows for the physical separation of the derivatized products 
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whereas methods such as flow cytometry typically provide information in terms of 
total protein content or total DNA content, for instance. Single cell CE may also 
be useful as a technique to provide compositional information on rare cell types 
sorted and partially characterized by higher throughput techniques such as flow 
cytometry. This method should also be useful for monitoring the purity and yield 
of recombinantly derived protein products quickly and with good sensitivity in 
small numbers of cells from mammalian cell culture. The power of separation at 
the single erythrocyte level could provide, in effect, a multiparametric description 
of the cell's biochemical status with each relevant separated species contributing 
an additional dimension of information. These additional dimensions of informa­
tion should allow elucidation of substantially more subtle and complex effects than 
possible by monitoring the response of a single cellular characteristic to a given 
stimuli. 
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GENERAL SUMMARY 
Electrophoresis is a powerful bioanalytical separation technique that is 
currently undergoing a rapid rate of development. Recent biochemical and 
biotechnological advances in fields such as genetic engineering and the initiative to 
map and sequence the human genome help fuel this development as they very 
clearly define the level of analytical sophistication required from an electrophoret-
ic methodology in order to accomplish the objectives required for success in these 
endeavors. In the majority of cases, the current level of analytical electrophoretic 
performance is dramatically inadequate. This disparity creates a certain sense of 
urgency and opportunity. 
This thesis has described developments aimed at addressing specific 
limitations of the current level of detection power in gel and capillary electropho­
resis. Improved detection methods are the primary focus though considerations of 
separation efficiency are also made. In keeping with the level of interest generat­
ed by analyses involving biological species, these detection methods are demon­
strated with samples such as proteins, peptides, and cytoplasmic intracellular ionic 
species. Improvements in ultra-micro analysis are demonstrated, especially with 
regards to ions lacking inherently useful detection properties. Future work will no 
doubt improve and expand upon the capabilities demonstrated here. 
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